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With a scanning tunneling microscope the Pb(110) surface was studied from room temperature to
temperatures where surface melting occurs. At room temperature scanning tunneling microscopy im-
ages of Pb(110) can be recorded with atomic resolution. At higher temperatures we observe a jump to
contact by the surface, resulting in the formation of a connecting neck of Pb between the surface and the
tip. As the tip is retracted, the neck elongates and finally breaks. The dependence of the average neck
height just before rupture on temperature and retraction speed suggests that mobile adatoms are respon-
sible for the growth of the neck.
PACS numbers: 61.j 6.Ch, 68.35.Fx, 68.35.6y, 68.70.+w
The adhesion of two solid bodies is of great relevance
to the understanding of the fundamental physics of
sintering, wear, and friction. Since the introduction of
the scanning tunneling microscope (STM) [1] and the
atomic force microscope (AFM) [2], which are able to
address local surface properties on the atomic scale, the
interaction between the probing tip and the surface has
received much attention [3,4]. Pethica and Sutton have
suggested that the tip and surface might suddenly jurnp
to produce mechanical contact when they are brought to-
gether close enough [3]. Recently, molecular dynamics
simulations have shown that if either the tip or the sur-
face material tends to wet the other, jumps over consider-
able distances may be observed [5]. The jump can be fol-
lowed by a rapid growth of the connecting neck [6]. The
jump distance increases with increasing density of ada-
toms on the surface, resulting in very large jumps () 10
A) for surfaces that are melted [7,8].
In this Letter we report such a neck formation during
temperature-dependent STM measurements on Pb(110).
This surface is known for its surface-melting behavior [9]
and its correspondingly high self-diA usion coe%cient
[10]. At elevated temperatures we systematically observe
a jump to contact followed by the subsequent buildup of a
sizable neck. The process depends strongly on the surface
temperature. We propose that mobile adatoms are re-
sponsible for the formation of the neck.
The experiments were performed in ultrahigh vacuum
(p ( 1 x10 ' mbar) using an STM designed especially
for use at high temperatures. This instrument has dem-
onstrated atomic resolution on various metal and semi-
conductor surfaces up to 750 K. The STM tip was
prepared by electrochemical etching of a 0.25 mm diam
W wire followed by annealing in vacuum. The tip was
further prepared in situ by field electron and field ion
emission. The Pb sample was spark-cut from a single-
crystal ingot, mechanically polished, and chemically
etched. It was cleaned in ultrahigh vacuum by Ar ion
sputtering at 400 K. Surface cleanliness and crystalline
order were checked with Auger-electron spectroscopy and
low-energy electron diAraction. By radiatively heating
the rear side of the crystal temperatures up to the melting
point (T =600.7 K) were obtained. The temperature
was monitored with an infrared pyrometer (Ircon model
6000) and a Chromel-Alumel thermocouple connected
directly to the sample.
At room temperature, stable images of Pb(110) were
obtained with atomic resolution, as illustrated by the sur-
face image in Fig. 1. The close-packed rows along the
[110]direction, as well as the atoms within the rows, are
clearly resolved. The peak-to-valley corrugation ampli-
tude is 0.26 A along the [001] direction and 0.18 A along
the [110] direction. The image contains two monatomic
steps on the left-hand side. The highly dynamic charac-
ter of the Pb(110) surface even at room temperature is il-
lustrated by two artifacts in the image. First, the two
steps on the left-hand side are rugged instead of straight,
probably as a result of kink diAusion along the steps
FIG. l. Grey scale representation of an STM image of the
Pb(110) surface at room temperature (131 A x 128
V, +230 mV, I& =1.0 nA). The grid indicates the [110] and
the [001] directions. The numbers indicate the distance be-
tween atoms in angstroms.
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[11,12]. Second, the sharp, horizontal steplike features
near the middle of the image are not topographical steps
on the surface, but instead reflect changes of the local
height of the surface by a single atomic plane within the
duration of one scan line (= 0.5 s).
However, at sample temperatures only slightly above
room temperature, regular tunneling was frequently in-
terrupted by short circuits between the surface and the
tip. With increasing temperature the maximum time of
normal tunneling before the short circuit decreased rapid-
ly. At 318 K it was 240 s maximum, at 332 K, 36 s, and
at 350 K, as short as 5 s (tunneling with a current of 2
nA at a sample voltage of —5.0 V). At even higher sam-
ple temperatures our system could not detect any tunnel-
ing current (I, & 2.5 pA) prior to a short circuit. Regular
tunneling with sample voltage magnitudes below 0.5 V
was not possible at and above 318 K, without a short cir-
cuit occurring immediately. In all cases the change in the
measured current took place faster than the time resolu-
tion of the measurements (120 ps).
Surprisingly, once formed, the short circuit could per-
sist even during tip retractions of up to several thousand
angstroms. The height of retraction at which the short
circuit disappeared (L) was found to depend on the re-
traction speed and on the temperature of the sample.
Figure 2 shows that L increased with increasing tempera-
ture and with decreasing tip-retraction speed. In the lim-
it of zero retraction speed L appears to diverge for each
temperature. Figure 2 also shows that an increase in
temperature of merely 20 K (from 331 to 350 K) led to a
tripling of L. At temperatures above 450 K, where
Pb(110) was surface melted [9], the short circuits
remained intact over the entire retraction range of 1.0
pm even for the highest retraction speeds. Then a coarse
mechanical retraction was needed to break the connec-
tion. In all cases L was independent of the sign of the
short circuit current. It did, however, depend somewhat
on the magnitude of the short circuit current, the highest
current of =23 nA leading to a 450 A increase in L.
During the short circuit, the voltage drop over the tip-
surface junction reduced to practically zero ( & 1 mV)
and the short circuit current was determined by the input
impedance of the current preamplifier and the original
sample voltage. The resistance of the tip-surface junction
was less than the minimum value of 10 kA that could be
measured with the STM.
Each time that the short circuit was broken the tip ap-
proached the surface again. When the approach was
slow, the tip "found" the surface always at a height that
was within 200 A of the height at which the short circuit
had initially occurred. The cycle of approach, short cir-
cuit, and breaking of the electrical contact repeated itself
more or less periodically. Typically, such cycles took be-
tween 0.5 s for the smallest retractions and 100 s for the
largest. When the approach was fast (« I s) the tip en-
countered the surface above its original height. Then, if
the tip found the surface without a short circuit occurring
immediately, the surface continued approaching its origi-
nal height very slowly (tens of seconds). Alternatively, if
a short circuit occurred immediately an even larger re-
traction was needed to break it. This resulted in a runa-
way situation in which successive retractions eventually
spanned the entire retraction range.
We attribute the short circuit to a "jump" by the sur-
face to contact with the tip, in response to attractive tip-
surface interaction [Figs. 3(a) and 3(b)], which we
speculate to be the van der Waals attraction. This would
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FIG. 2. Average retraction height at which the short circuit
disappears as a function of tip-retraction speed for diAerent
temperatures (initial sample voltage —5 V, short circuit
current 23 nA). Individual heights lie within 20% of the aver-
age. The solid curves serve to guide the eye.
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FIG. 3. Schematic cycle of the formation and rupture of
surface-tip contact: (a) Approach of the tip. (b) Just after the
jump to contact. (c) Growth of a neck. (d) Breaking of the
neck.
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make the jump more probable when the tip-surface sepa-
ration is reduced, due to the increase in the attraction and
the reduction of the required jump distance, which ex-
plains why we observed regular tunneling at lower sample
voltages (tip closer to the surface) for shorter times than
at higher voltages. From the abrupt change in the mea-
sured current from zero to short circuit at the higher tem-
peratures we conclude that the jurnp is made over a dis-
tance of at least 10 A. The jump to contact results in a
neck of Pb connecting the tip and the surface. As the tip
is retracted the neck lengthens [Fig. 3(c)] and may even-
tually break [Fig. 3(d)]. The observed neck heights im-
ply the relocation of several tens of millions of atoms dur-
ing the buildup of these necks. After rupture the remain-
ing hillock on the surface decays due to the surface ten-
sion. Thus the tip finds the surface again at approximate-
ly the same height where the jump occurred. The small
dependence of the neck height on the short circuit current
could be due to a local heating of the neck when it is on
the verge of breaking.
We have observed this phenomenon on two diA'erent
Pb(110) samples with two difl'erent tips on each sample,
which strongly suggests that both the occurrence of the
short circuit and its persistence were not an artifact, e.g. ,
due to a peculiar tip shape. To rule out the possibility
that the short circuits were a mere consequence of a sud-
den thermal expansion within the microscope, we calcu-
lated the thermal expansion of a tip in full thermal con-
tact with the surface. The maximum expansion expected
for a tip with a conical shape and a large contact diame-
ter of 1 rum amounts to only 400 A at the highest temper-
ature in Fig. 2 of 382 K. This is much smaller than the
experimental retraction (5000 A) at that temperature
and it is even smaller than the minimum retraction mea-
sured at 318 K. For more realistically tapered tips, the
expansion would be a factor 2 to 4 smaller than that cal-
culated for a conical tip. Additionally, the time constant
calculated for the expansion of 400 A is = 50 s, corre-
sponding to a speed of only 8 A/s. This is much slower
than the minimum retraction speed of 100 A/s used in the
experiment. The electrical power dissipated in the neck is
very low (( 1 pW) because of the reduced voltage drop
over the junction. Thermal expansion due to this power
can therefore be neglected. As a final argument against a
trivial thermal eA'ect, we stress that even at sample tem-
peratures above the melting point of Pb our STM rou-
tinely images other metal surfaces, e.g. , Au(110), with
atomic resolution.
All the temperatures in Fig. 2 are below the tempera-
ture range in which the Pb(110) surface melts. This sug-
gests that once the neck has reached an appreciable size,
it is largely solid. We therefore assume that highly
mobile Pb adatoms are responsible for the mass transport
needed to build up the neck. As soon as the surface is un-
able to provide enough adatoms to follow the tip, the neck
breaks. In order to estimate the activation energy for the
formation of the neck we assume that the neck grows iso-
Here, D is the diAusion coe%cient for mass transport,
which combines the density of adatoms and their mobili-
ty. The growth of the neck slows down with the neck size
as
If we assume that the neck breaks when the growth speed
equals the tip-retraction speed v we get
(3)
where L is the height of the neck just before rupture.
The diffusion coefficient varies with temperature as
D =Dpexp( —E„r/kgT), (4)
where k~ is the Boltzmann constant. This implies that L
should display Arrhenius behavior with an apparent ac-
tivation energy of E,«/3.
Figure 4 shows an Arrhenius plot of the rupture height
for several retraction speeds. From this we obtain F.„t
=1.0+0.1 eV. This is close to the value for self-dif-
fusion of adatoms on the same surface of 1.0+ 0.3 eV
found by He scattering [10]. Note that the activation en-
ergy for mass transport should be the sum of the energy
for the creation of the adatoms and the activation energy
for their diff'usive motion, so that the value reported here
should be higher than that in Ref. [10]. In reality, the
growth of the neck is likely to be nonisomorphous and the
curvatures should decrease more rapidly than 1/I. Using
the above analysis we would then derive an activation en-
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FIG. 4. Arrhenius plot of the retraction height at rupture for
different tip-retraction speeds (initial sample voltage —5 V,
short circuit current 23 nA).
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morphously, so that local slopes on the surface remain
constant and local curvatures K are inversely proportional
to the height of the neck 1. The flux F [Fig. 3(c)] of ada-
toms crossing a contour of constant K, then scales as
F ccDVK rx: D/I'.
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ergy larger than 1.0 eV. The slope in the Arrhenius plot
depends somewhat on retraction speed. This cannot be
explained by the simple isomorphous growth model and
needs further investigation.
The present observations are very diAerent from previ-
ous work [3-5] in two ways. First, we observe that the
probability for the surface jumping to contact with the tip
depends on temperature. Second, this study shows that
massive necks can be formed instead of a stable point
contact with a finite contact area. Recent computer
simulations show that within a time window of a few tens
of ps the Pb(110) surface jumps to contact with a Au
AFM tip [8]. Even at room temperature a jump occurs
when the tip is brought very close to the surface. When
the surface melts a jump over large distances is observed
together with the massive relocation of the surface atoms.
Finally, we refer to recent work by Zuger and Diirig
who have studied various surface orientations of Ga using
a STM up to 0. 1 K below the melting point of Ga [13].
The Ga surfaces remained ordered over the entire tem-
perature range, and no jump to contact occurred. Close
to the bulk melting point very few diff'usion events were
observed, indicating a low concentration of mobile ada-
toms. By contrast, we see many difrusion events on
Pb(110), even at room temperature. Adatom-vacancy
pairs are known to play an important role in both the
melting of surfaces [14] and in the jump to contact [7].
Combining this information, we suggest that the strongly
temperature-dependent jump to contact, and in particular
the subsequent neck buildup, on Pb(110) are correlated
with the disordering mechanism of this surface at higher
temperatures.
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